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ABSTRACT

Thin films of Pt on oxidized and reduced forms of TiO, have been

studied under UHV conditions. XPS and depth profile data support

migration of reduced Ti oxide to the Pt surface (encapsulation) when a

reduced sample is annealed above 400 -C. On the fully oxidized sample,

annealing caused islanding of the Pt layer but no encapsulation. XPS

characterization of the encapsulating species indicates that Ti is present

primarily as Ti
2 +

.
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I. Introduction

Over the last 6 years there has been considerable interest in the topic

of strong metal support interactions, SMSI.[1,2J The reductions in hydrogen

and CO chemisorption, concurrent with increases in specific activity for the

methanatlon reaction [3,4), sparked hope of entirely new possibities for

catalyst modification and control. These observations and their discussion

are related to earlier work.[51 Four mechanisms -- "pill-box" morphology,

charge transfer, local intermetallic bonding, and encapsulation -- have been

proposed to explain the observed phenomena. Recently more and more

evidence, primarily from model catalyst studies [6-10), has appeared which

supports encapsulation as a major effect in these SMSI systems. There is,

however, also good evidence for electronic (bonding) effects.[6,111

Structural characterization of the encapsulating species, the effect of

encapsulation on reactivities, and the alteration of the electronic

structure of the metal by the encapsulating species are still incompletely

understood SMSI issues.

In earlier work we showed that encapsulation of Pt or Rh layers occurs

on oxidized Ti(O001)[61. Similar results were also obtained by Chung et.

al. [10] for Ni on oxidized Ti foil. While the results were convincing for

these models, it is debatable whether the 60-100 A Ti0 2 overlayer present on

bulk Ti is representative of bulk rutile or anatase. Structural differences

and the semi-infinite amount of zero-valent Ti, not present in bulk TiO,

could lead to encaposulatior, in these models. The work of Sadeghi and

H'enr ich [91 answeru this question for ih by showing that encapsulation does

o ccur. They studied Rh on TiO,(110) using AKS, XI'S and TPD with depth

profiling. For 1.5 to 4 equivalent monolayers of R(h on fully oxidized TiO 2

4-\



.- r ,

(no Ti'* in.<XPS), 'heating either in 10
-
' Torr H. or in UHV for 30 min at

673K 'ead to encapsulation of the Rh by a reduced form of titania. As

compared to a sample that was not heated, the Ti(2p) XPS region had more

intensity toward lower binding energies, the AES peak-to-peak Ti/O ratio was

higher, the ability to chemisorb CO was diminished and the depth profile had

a local maximum in the Rh AES signal. After some sputtering, the heated

sample regained Its ability to chemisorb CO. There was evidence for some

islanding during heating, but no evidence for migration of Rh into the TiO,.

While the evidence is now clear that encapsulation is a major, but not

the only factor, affecting the SMSI character of these Group VIII

metal-titanla systems, little attention has been given to variations with

the metal. Since Pt oxides are less stable than Rh oxides and since the

ionization potential of Pt (9 eV) is significantly greater than that of Rh

(7.35 eV), we thought intuitively that detectable differences might occur in

the two systems. To explore this possibility and to further characterize

encapsulating species, we have examined Pt on single crystal TiO,(110).

II. Experimental

The experiments were performed in a VG ESCALAB spectrometer equipped

with a dual anode x-ray source for XPS, electron gun for AES, and an ion gun

for sputtering. Metal depositions were done in a UIlV prepar.ition oiamher

attached to the analysis chamber and used a reai:ntiveiy tieated metal

evaporation source consisting of a tungsten filameit wrapp-1 wiLl t wre.

The substrate remained below 5j 0 C during Pt depo:nit ir. Dit, tUlickrl,.33 0"

the metal layers was estimated 'rom attenuation oti ie ( p) XiP; ),eak

;oiouming a mean free path of' about 10 A.

A sample holder and heating device were designed to allow heating of

I'
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the sample to 77n ,, -,e preparation chamber. The TiO single crystal

was clamped to a Ta foil backing plate with a Ta wire. The sample was

indirectly heated by conduction from the resistively heated Ta foil.

Temperatures were determined with a chromel-alumel thermocouple attached to

the Ta foil.

The single crystal TIO, sample was cleaned by successive ion

bombardment and annealing cycles. After cleaning, no impurities were

detected by XPS. A fully oxidized surface was prepared by heating the

sample to 500
0
C in 10-

6 
Torr of 02. A partially reduced surface was

prepared by Ar sputtering.

Ill. Results

II.1. Pt on oxidized Tio,(110)

Figure la shows the XPS Ti(2p) region of the fully oxidized TiO 2 single

crystal before the Pt deposition. The Ti(2P 312,11 2) peak positions of 459.2

and 465.0 are consistent with reported literature values and indicate that

sample charging is not occurring.[12] After deposition of Pt (at 250C), the

Ti(2p) peak intensiLy (Fig.1b) is reduced to about 10% of its initial value,

indicating that the Pt layer is about 20A thick. No information about the

growth mode of Pt can be obtained from this data; however, we expect that

it is similar to Pt growth on oxidized Ti(0001) where layered growth is

favored over three dimensional islanding.[5J

The Pt(if) XI'S for the deposited layer is shown in Fig. 2a. The

Pt(4f.112 ) binding ene, r'gy i:i 71.1 eV which is in excellent agreement with

published results for l't roils and single crystals.L13] The sample was

repeatedly transferred to the preparation chamber where it was annealed to

succes3ively highr timperatures with XPS characterization at each stage.



Figures 2b-d, and 3a-c show the Pt(4f) and TI(2p) regions, respectively, for

annealing to 300. 400, and 500
0
C. As the anealing temperature increases:

(1) the Pt peak areas gradually decrease (annealing to 500°C reduced the Pt

signal by 25%). (2) the Pt(4f) and Ti(2p) peak positions remain constant,

and (3) the Ti(2p) signals increase (the Ti(2p) peak area increases by a

factor of 3.5 after heating to 500 °C).

After annealing to 500
0
C, the sample was depth profiled with Ar*

sputtering (5 KeV, 5 pA) using 15 second intervals. With sputtering, the

TI(2p) region (Flg.4) underwent two changes (summarized in Fig. 7). First,

the total Ti(2p) intensity increased monotonically with increased Ar* dose

due to removal of surface Pt. Second, the Ti(2p) intensity increased at low

binding energies, particularly after sputtering for 30 seconds or longer.

The peak width increased due to preferential sputtering of oxygen,

introducing Ti species with valencies less than -4. With sputtering, the Pt

peak areas decreased monotonically but there was no measureable shift of

binding energy. Because the Ti(2p) FWHM does not change until after 30

seconds of sputtering, the data suggests that very little Tio0 (rather,

mainly Pt) was exposed at the beginning of the depth profile.

The XPS data of Figs. 2-4 suggest the following: (1) upon annealing, Pt

overlayers form islands, (2) little or no TiO, is exposed when the islands

are formed, (3) the underlying TiO. is unchanged by the annealing procedure

and remains fully oxidized, (11) when TiO, is sputtered oxygen is

preferentially removed forming reduced Ti centers.

In j s!parate experiment one monolayer of Pt was deposited on a fully

oxidized Substrate. Just as for the thicker 20A PL case, upon sputtering the

Pt(4f) intensity decreased monotonically and the binding energy remained

constant,suggeSting that signiricrant interdlrfuion or Pt into TiO, did not



occur. Significantly, TiO, deposited on bulk Pt does diffuse at

temperatures above 4bOC L14-isi.

111.2. Pt on Reduced TiO,(110)

In order to better represent processes that occur in a strongly

reducing environment, a partially reduced oxide surface was prepared by

removing some oxygen by Art* sputtering. Figure 5a shows the results of

sputtering the Ti0 2 (110) surface for I hour with 5 KeV Ar ions. The broad

unresolved nature of the spectrum indicates that reduced Ti species are

present. The low binding energy onset is below 455 eV and, with evidence

presented below, the lowest valence of significance is Til'. Figure 5b

shows the Ti(2p) region after the deposition of about 25A of Pt. The Ti(2p)

peaks were strongly attenuated and, due to the broadness of the peaks on

this reduced surface, are very hard to discriminate from the background.

After annealing this sample at 500
0
C, the Ti peak area increased by

about a factor of 2. In addition, the Feak shape becomes slightly more

distinct, centered at about 455 eV and is best described as a mixture of

TI'
*  

and Ti'* (s,, fg. 0j. "tie Pt peak area decreased 20% after annealing

at OO*C, but th,. r, . iu observable changes in line shape or pos:tion.

The O(1s)/Ti(1p) , i- ,a ratio (including relative sensitivities)

indicates A0.9 , k/: 1 1.1.

After' i In'.,I , 'I i *i! th(! sasple was depth profiled. Figure 6

shows the, Ti(/;) i. itl "-l'ore (Fig. 6a) and at several times durifng the

depth profile, litor :pot "ring . the FWIIM and position of the Ti(2p) peak

reflects the pre:,si-,t' of more than one oxididation state. The intensity of

the peak at 1ii,14. ,'V ,! 1Is cont i nued presence even ;after 5/ sc of



sputtering (lower binding energy shoulder in Fig. 6d) indicate that the

dominant oxidation state is Ti'*.[12] Upon sputtering, the Ti(2p) signal

broadens and shifts to higher binding energies, indicating that more fully

oxidized Ti species are appearing. It is significant that there is a rather

strong shift to higher binding energy between 25 and 55s sputtering time

(Figs. 6(c) and 6(d)). Because the shift is toward more oxidized Ti

species, the sputtering process itself is not responsible since sputtering

reduces titania surfaces. That the binding energy shift Is rather sudden is

consistent with a model in which some of the reduced titania covers

(encapsulates) the Pt which itself tends to island. This is discussed in

more detail below. Deeper into the substrate (Fig. 6e), Ti was detected,

as expected, but a shoulder toward lower binding energy was evident

indicating the presence of some partially reduced species.

Figure 7 summarizes the depth profile data for Ti (top panel) and Pt

(bottom panel) from the two substrates. For the oxidized substrate

(triangles), the Ti(2p) intensity (top panel) increases monotonically as a

function of time. The reduced sample (circles) differs in that it shows as

slight decrease in Ti peak area between between zero and 20 seconds

sputtering time. The Pt data (bottos panel) drops monotonically for the

oxidized but has a local maximum at 20r for, the reduced sample. The

Ti(2p3/2) peak positions for the two differeni. :;ampler are compared in the:

bottom panel of' Fig. 7). The oxidized sample (open trianglcs) shows no

:I I't in peak posi tion (the npeutrum does broaden) a: a function of

sputtering time indicating the doel ri anre: of one type- of' Ti (from the! Ti{)

substrate). The reduced sample (open circles) shows a strong shift to

higher binding energy as the substrate begins to contribute to the spectrum.

For the oxidized sample (Fig. 7). the initial region or constant FWHM (upper
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panel of Fig. 7) of the Ti(2p) signal is followed by a linearly increasing

region corresponding to the sputtering of bare patches of TiO 2. This is

evidence that no TiC x  species cover the Pt after annealing the fully

oxidized sample. On the reduced sample (open circles) there is an initial

region of constant FWHM followed (after 30 s) by a sharp increase and a

slower decline to a value close to that reached for the fully oxidized

sample. Note that 30s is near the point where the total Ti intensity also

increases. We interpret these data for the reduced case in terms of a

surface highly enriched in reduced oxides. Since sputtering can not further

reduce the surface, the Ti(2p) linewidth does not change very much

initially. After 30 seconds the linewidth and the increasing Ti(2p) binding

energies indicate that more highly oxidized species (from the original

substrate) lie within the XPS sampling volume. The combined signals from

the both the reduced and oxidized species give a very broad peak. Beyond 50

3 sputtering, surface TiOx (reduced sample) is completely removed and the

FWHM decreases.

These data dcemonstrate that the therma) behavior of Pt on TiO, varies

depending on thn initial condition of the substrate. For the initially

reduced TiO,(1O) surface, the data are conrlstent with the encapsulation of

the Pt by TiO x (0.9 < x 1.1), but unlike the case for Rh [9), there is no

evidence for encapsulation when the subs'rate is fully oxidized prior to PL

deposition.

IV. DISCUSSION

In pr,,v i u:; -)'rk w,' r'li;)rt(l thut t or ,h :tuiu 1urtuM 0 orl O X luli z'd
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Ti(0001) became encapsuiated by TIOx (x-l) when the sample was annealed

above 350* C [6J. The work presented here confirms that the encapsulation

observed in that study was not simply due to the thin (60 A) TiO, layer

present on the bulk Ti sample. The depth profile data (Fig. ') shows that

encapsulation occurs for the prereduced Pt/TiO 2 sample but not for the fully

oxidized sample. The initial decrease in the Ti intensities and the

increase in Pt intensities can be explained only by a surface rich in Ti as

reported earlier for Rh on TIO2(110) [9].

Pt (this work) and Rh (ref. 9) differ in that, for a fully oxidized

substrate, there is evidence for encapsulation on the latter but not the

former. That there is negligible encapsulation for Pt on oxidized Ti0 2 is

evident in Fig. 7 where the monotonic increase and decrease in the Ti and Pt

signals, respectively, are not compatible with encapuslation. Changes in

the Pt and Ti XPS intensities were observed and can be understood in terms

of islanding of Pt and/or interdiffusion of the Pt and TiO 2. Although

interdiffusion can not be completely eliminated, particularly for, the 20A Pt

overlayer, the data (thin and thick initial Pt layers) are best described in

t-2rms of islanding where no large bare patches of Ti0. are exposed during

anneil ing to 500'C. If bare patches of clean TiO, were produced then the

Ti (?p) FWHM would increase at the start of the depth profile, as is always

see!_'n when sputtering a clean TiO, surface.

Besides demonstrating that encapsulation of Pt occurs on bulk T10,

samp],,s if reduced surface ri is present, the experiments provide XP;

characteri zation of the encapsulating species. Comparison of th, XP:; d;ataj

shown in Fig. 6a with other Ti oxides shows the Ti is best described as

Ti'* with Considerable Ti'[131. The data of Figs. 6 and 7 show that Fig.

1 S riot dominated by substrate signals (i.e. this spctrim dett/ minly



a signal due to encapsulation). As Pt was removed from the sample by

sputtering, the substrate signal contributed more to the total Ti intensity

and Fig. 6e shows that the underlying substrate is more oxidized than the

encapsulating layer. There are at least two reasons why the substrate

appears oxidized after annealing to 500
0
C when it Is reduced prior to Pt

deposition. First, the defects introduced into TiC 2 by sputtering tend to

be removed by heating, even in the absence of Pt. Second, a significant

fraction of the reduced Ti migrates to the surface of the Pt overlayer.

'According to our view, encapsulation is aided by a reduced source of Ti.

This is consistent with our earlier work [6J where one role of the Ti(000i)

underlying a thin film of T'0 2 is to promote the formation of reduced Ti for

encapsulation.

It is interesting to compare the results obtained here with similar

experiments conducted on powder systems. Work by Chen and White [16] showed

suppression of CO and H2 uptake for Pt supported on prereduced T'02 powders.

In that study annealing in vacuum (as opposed to reduction in H12) resulted

in the loss of CO and H2 uptake. The encapsulation found here will account

for those observations. Dwyer et al. 1171 showed by ion scattering and

thermal desorptlon that -imple site blocking by submonolayer coverages of

TiO 2 on bulk Pt could account for most of the loss of CO chemisorption in

SMSI systems. However, in earlier thin film work [61, there is evidence for,

the contribution of a local electronic effect.

We now turn to a discussion of possible encapsulation processes. In a

series of papers, Spencer[16-21 j has discussed segregatLion and diffusion in:

Pt/TbO2 on the basis of a broken bond model. There are two factors which

control the thermodynamics of segregation: (1) a strain enervy related to

the mismatch or the sizes of the atoms (big impurity atoms will rgregate if

"I
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they are in a small atom lattice) and (2) a surface free energy due to the

bonding between atoms (an impurity atom will segregate if it is more weakly

bound by the host lattice than a host atom itself). For Ti in Pt, Ti is

small so the strain component does not favor or disfavor segregation. The

free energy of a Pt-Ti bond (22.6 kcal/mol) is larger than for a Pt-Pt bond

(17.7 kcal/mol) so the Ti will not occupy the surface (i. e. the surface

will be Pt-rich). In the presence of oxygen, TiO x will segregate to the

surface (or migrate there across the Pt) because the Ti-0 bond is so strong

(70.0 kcal/mol). This will become even more dominant if the Pt-O-Ti bonding

is especially strong. Spencer also discusses the mechanism of the covering

of Pt by TiOx; he favors the transport of this species across the Pt surface

(assisted by the mobility of the Pt) after its formation at Pt-TiO2

boundaries. According to this mechanism, segregation is thermodynamically

favored, even at temperatures below those characteristic of SMSI ( < 500
0
C),

but kinetically it is strongly inhibited.

One model, consistent with our observations, is based on Spencer's

[18] suggestion that TiO x  forms at Pt/TiO, interfaces and is transported

along grain boundaries to the surface and then across the Pt surfaces. In

earlier work using SIMS, we found that heating in UHV to encapsulate metals

on Ti0 2 layers always leads to the formation of '0-labelled TiO x (1.0 1 x

1.2). Thus, the oxygen involved in the encapsulating surface layer also

migrates from the Pt-TiO2 interface and is not derived from background gases

such as water. Based on diffusion rates of oxygen atoms in bulk Pt at 'jOC

[22] (Ed > 53 kcal/mole and DO = 10 cm'/sec, D - 10
-
' cm' see-'), the mean

distance travelled by an oxygen atom in 200 see is only 0.06A. This is

insufficient to account for the appearance of saturation amounts of

encapsulating TiO x in 200 see.1 Thu:i, it is unlikely that either 0 or Tib

x se.[6jThus unlkl



migrates through the Pt bulk. To account for the observed appearance of

TiO x in - 200 sec through a 30A Pt film requires an effective diffusion rate

constant that is four or five orders of magnitude higher (data for

overlayers between 10 and 30A thick are consistent with a diffusion

coefficient between 10
-
' and 10

-
" cm' see-'). This is consistent with

diffusion along grain boundaries [22], anq we suggest this as the most

likely mechanism.

The fact that there is no evidence for encapsulation, unless the

Ti0 2(110) surface is sputtered before adding the Pt, points to the

importance of rather strong chemical interactions at the interfaces between

Pt and reduced titania. In the absence of significant concentrations of

these reduced centers, the Pt-titania interactions are apparently much

weaker and, more importantly, the rate of their formation is slow compared

to the mobility of Pt which leads to three dimensional islanding. That

these rates are competitive is indicated by the fact that the same thermal

treatment that leads to only islanding for the fully oxidized surface leads

to encapsulation when the surface is prereduced. In fact, our results are

consistent with a model in which both encapsulation and islanding contribute

measurably for the prereduced sa:iple.

Spencer [21] points out that Pt atoms should be mobile at 450*C and

higher. The observed three dimensional islanding on fully oxidized bulk

TiO 2(110) is consistent with this notion. This mobility may also play a

role in the kinetics of the encapsulation; Pt-O-Ti moieties formed at the

interface will move away from the interface and across the surface "carried"

by the motion of the surrounding Pt atoms.

Turning to a comparison of Pt and Rh, Ko and Gorte [14] have studied

thin layers of TiO, deposited on Pt and Hh foils. They observe interesting



differences In the two metals. Upon heating a monolayer of titania to

10000 C, it was incorporated into the bulk of the Pt film and resegregated

to the surface on cooling. By contrast, on Rh the oxide remained on the

surface to 11000 C (the highest temperature studied). When multilayers of

titania on Rh were heated to 11000 C, the remaining surface oxide layer

could be sputtered off at room temperature. When the sample was reheated,

TiO segregated to the surface indicating that incorporation of TiO into the

bulk of Rh does occur. Apparently the Rh-O-Ti interaction is stronger than

Pt-0-TI. This difference is consistent with negligible encapsulation of Pt

(our observation) on fully oxidized TiO 2 (110), whereas there is significant

encapsulation of Rh [9].

The encapsulation of Rh and Pt thin films on oxidized Ti(0001) have the

same time characteristics to within our experimental reproducibility which

is about ± 500 C for the onset temperature and ± 100 sec for the time

required to reach a constant SIMS intensity after reaching 5000 C [6]. Were

encapsulation clozely related to the ease with which Pt and Rh are oxidized,

some distinction might appear because the ionization potentials of Pt and Rh

are 9.0 and 7.46 eV, respectively [231. It is also well known that oxides

of Rh are more stable than those of Pt. Thus, on the thin film models [91,

factors other than the differences in the electronic properties of Pt and Rh

control the.mechanism of encapsulation, whereas on single crystal TiO,(110)

these differences are important. Defect formation on the latter may be

important for the kinetics whereas for the thin films the migration through

the grain boundaries likely controls the kinetics.

V. SUMMARY

The results of the experiments presented here can be Summarized as
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follows:

(1) On a fully oxidized Ti0 2 (110) substrate Pt overlayers island upon

annealing between 300-500
0
C without exposure of large bare T'0 2 patches.

(2) On reduced TiO 2(110) , 
oxides present at the Pt-T10 2 interface migrate

through grain boundaries and over the Pt surface when the sample is

annealed above 400
0
C.

(3) Reduced Ti oxides at the Pt-TiO 2 interface tend to stablize Pt

overlayers and restrict islanding.

(4) XPS data indicate that the reduced TiOx species that encapsulates the Pt

surface contains mostly Ti
2
+ and that x - 1.
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FIGURE CAPTIONS

Figure la:Ti(2p) XPS of the clean TiO,(liO) single crystal prior to metal

depostion. Ib: Ti(2p) region of the sample in la after depostlon of 20 A Pt.

Figure 2: Pt(4f) XPS of 20 A Pt on Tie2 after annealing for 10 minutes at the

temperatures indicated at the right of the spectrum.

Figure 3: Ti(2p) XPS of 20 A Pt on fully oxidized Tie2 of fig.1a after

annealing for 10 minute at the temperature indicated at the right of the

spectrum.

Figure 4: Ti(2p) XPS data of the obtained during the depth profile of the

annealed Pt/Ti02 . The substrate was the fully oxidized Tie2 . The length of

sputtering is, (a) through (e). 0, 15, 30, 60, and 150 s.

Figure 5a: Ti(2p) XPS data of the reduced TiO2 (110) sample prior to metal

deposition. 5b: Sample In 5a after depostion of 25 A Pt.

Figure 6: Ti(2p) data obtained at various points during the depth profile

of the annealed Pt/ reduced T0 2 sample. Curve (a) is after annealing for

10 min at 500
0
C and no sputtering. Curves (b)-(e) are for 5, 25, 55 and 115

s sputtering.

Figure 7: Relative integrated peak areas for Ti(2p) (top) and Pt(4f)

(bottom) as a function of sputtering time. Also shown are FWIiM data fur



" l'4

Ti(,P3/ 2 ) (top) and Ti(2P 312 ) BE (bottom). Triangles are data for oxidized

TiO,(11O) and circles for the prereduced TiO,(110).
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